We present an analysis of ALMA 1.25 millimeter continuum observations of spiral structures in three protoplanetary disks from the Disk Substructures at High Angular Resolution Project. The disks around Elias 27, IM Lup, and WaOph 6 were observed at a resolution of ∼ 40 − 60 mas (∼ 6 − 7 au). All three disks feature m = 2 spiral patterns in conjunction with annular substructures. Gas kinematics established by 12 CO J = 2 − 1 observations indicate that the continuum spiral arms are trailing. The arm-interarm intensity contrasts are modest, typically less than 3. The Elias 27 spiral pattern extends throughout much of the disk, and the arms intersect the gap at R ∼ 69 au. The spiral pattern in the IM Lup disk is particularly complex-it extends about halfway radially through the disk, exhibiting pitch angle variations with radius and interarm features that may be part of ring substructures or spiral arm branches. Spiral arms also extend most of the way through the WaOph 6 disk, but the source overall is much more compact than the other two disks. We discuss possible origins for the spiral structures, including gravitational instability and density waves induced by a stellar or planetary companion. Unlike the millimeter continuum counterparts of many of the disks with spiral arms detected in scattered light, these three sources do not feature high-contrast crescentlike asymmetries or large (R > 20 au) emission cavities. This difference may point to multiple spiral formation mechanisms operating in disks.
1. INTRODUCTION Spiral arms are thought to provide key clues to the dynamical evolution of protoplanetary disks, although the precise nature of spiral formation mechanisms is highly debated. Proposed mechanisms for inducing spiral features include perturbations by a stellar or plane- where planets are thought to form. Spiral arms have been detected in the J = 2 − 1 and J = 3 − 2 transitions of 12 CO and the J = 3 − 2 transition of 13 CO in a small number of disks, but these lines are optically thick and thus only probe the disk upper layers (e.g., Tang et al. 2012; Christiaens et al. 2014; Tang et al. 2017; Boehler et al. 2018) . Because of its relatively low optical depth, millimeter continuum emission is crucial for tracing surface density variations in the midplane, and therefore for examining how planetary companions might affect their immediate disk environment.
Until recently, the disks around Elias 27 and MWC 758 were the only two confirmed cases of spiral features detected in millimeter continuum emission (Pérez et al. 2016; Boehler et al. 2018; Dong et al. 2018b ). Hence, little was known about the circumstances under which spiral arms manifest in millimeter continuum emission and about the range of possible morphologies. To characterize disk substructures in a homogeneous fashion, the Disk Substructures at High Angular Resolution Project (DSHARP) undertook a high angular resolution ALMA survey of 20 Class II sources . While annular substructures are the most common type of millimeter continuum disk feature detected in this survey, spiral arms are observed in five of these disks (Elias 27, IM Lup, WaOph 6, HT Lup A, and AS 205 N), which brings the overall number of disks known to have millimeter continuum spiral arms to six. HT Lup A and AS 205 N are discussed separately in Kurtovic et al. (2018) because they belong to multiple disk systems where dynamical interactions between the individual components are likely to induce spiral structures. The present paper focuses on spiral structures detected in three systems without known companions: Elias 27, IM Lup, and WaOph 6. Section 2 provides an overview of the targets and the observations. Section 3 analyzes the spiral properties. Section 4 considers the results in the context of other spiral arm observations and discusses possible origins for these features. Section 5 summarizes the findings.
SOURCE PROPERTIES AND OBSERVATIONS
Elias 27 is a 0.8 Myr M0 star located 116 +19 −10 pc away in the ρ Oph star-forming region (Luhman & Rieke 1999; Gaia Collaboration et al. 2018) . Its disk was the first in which spiral arms were detected in millimeter continuum emission (Pérez et al. 2016) . IM Lup is a 0.5 Myr K5 star located 158 ± 3 pc away in the Lupus II cloud (Alcalá et al. 2017; Gaia Collaboration et al. 2018) . Both the gas disk as traced by 12 CO and dust disk as traced by millimeter continuum emission and scattered light are unusually large, stretching out to radii of hundreds of au (e.g., Pinte et al. 2008; Cleeves et al. 2016; Avenhaus et al. 2018) . Finally, WaOph 6 is a 0.3 Myr K6 star located 123 ± 2 pc away in ρ Oph. (Eisner et al. 2005; Gaia Collaboration et al. 2018) .
The 1.25 mm continuum and 12 CO J = 2 − 1 emission of these three disks were observed as part of DSHARP. A detailed overview of the survey, including the observational setup, calibration, imaging, and rationale, is provided in Andrews et al. (2018) . Unless otherwise specified, the analysis in this work is based on the "fiducial" images from the overview paper. In brief, the data were first calibrated with the ALMA pipeline. We subsequently applied phase and amplitude self-calibration to each source, then used multi-scale CLEAN to image the continuum and 12 CO. Tapering and Briggs weighting parameters were selected to balance reduction of beam elongation and PSF sidelobe levels against degradation of resolution or sensitivity. We applied a larger taper for 12 CO compared to the continuum in order to improve sensitivity to the larger emission scales of the line data, which led to larger synthesized beams. In addition, the 12 CO line in the Elias 27 disk was imaged only with baselines longer than 20 kλ in order to filter out foreground cloud emission. Imaging parameters and characteristics are listed in Table 1. 3. DISK FEATURES 3.1. Overview of spiral morphology Figure 1a shows the fiducial ALMA 1.25 mm continuum images of the Elias 27, IM Lup, and WaOph 6 disks from Andrews et al. (2018) as well as maps of the continuum intensity replotted as a function of polar angle and radius in deprojected coordinates. The inclinations and position angles used for deprojection are taken from Huang et al. (2018) (the Elias 27 disk has a P.A. of 118.
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In the polar plots, annular substructures (i.e., gaps and rings) appear as vertical bands. These substructures are discussed in detail in Huang et al. (2018) . We use the same nomenclature to refer to these structures, e.g., D69 refers to a gap at a radius of 69 au, and B86 refers to a bright ring at a radius of 86 au. The spiral structures manifest as emission bands crossing the polar plots diagonally. The spiral patterns can be viewed more readily by subtracting an axisymmetric intensity profile from the disk image (Figure 1b ). For brevity, the resulting plots will be referred to as "non-axisymmetric residual plots." The axisymmetric profile is derived by deprojecting the disk, binning the pixels in au-wide annuli, and finding the median intensity in each bin.
The three disks are dominated by an m = 2 spiral pattern (i.e., two-fold rotational symmetry). The spiral pattern in the Elias 27 disk extends from R ∼ 50 − 230 au, nearly the full extent of the detected millimeter continuum emission. Based on the polar plot in Figure  1b , the pattern wraps at least 250
• around the disk. The new high-resolution observations demonstrate that the spiral pattern extends several tens of au further inward than what was visible in previous observations by Pérez et al. (2016) . In particular, it can now be seen that the spiral arms intersect with D69, as shown in the leftmost columns of Figure 1 .
Although the overall radial extent of the IM Lup millimeter continuum is comparable to that of Elias 27, the IM Lup spiral pattern is confined to a more compact region extending from R ∼ 25 − 110 au. The spiral pattern wraps ∼ 270
• around the disk. While the spiral arms largely seem confined within the gap/ring pair D118/B134, there appears to be additional substructure just exterior to B134 that could originate from another pair of spiral arms, a continuation of the interior spiral arms, or a ring that is not well-resolved along the minor axis. Observations with better angular resolution and SNR will be necessary to confirm their nature.
Both the overall continuum emission and the spiral pattern are more compact for the WaOph 6 disk compared to the other two disks. The spiral pattern is visible from R ∼ 25 − 75 au and has an azimuthal extent of ∼ 215
• . Similarly to IM Lup, the WaOph 6 spirals are nested inside the gap/ring pair D79/B88.
The main spiral arms may extend further inward and outward than noted for these three disks. Spirals in the outermost regions of the disk are difficult to measure due to low SNR. In the inner few tens of au, spiral arms may also be difficult to detect due to distortions imposed by the PSF, inadequate angular resolution, or insufficient intensity contrasts due to high optical depth.
The emission bands tracing the spiral arms in the polar plots from Figure 1b have discontinuities at R ∼ 75 au for IM Lup and R ∼ 50 au for WaOph 6. The nonaxisymmetric residual plot for Elias 27 also exhibits a slight radial depression at R ∼ 110 au. These discontinuities correspond to the locations in the polar plots from Figure 1a where there appears to be additional bright emission between the main spiral arms. This could occur if a pair of spiral arms crosses a bright emission ring or two pairs of spiral arms are separated by a bright emission ring. Another possibility is that the inter-arm emission arises from "spurs" off the main spiral arms, similar to those observed sometimes in spiral galaxies (e.g., Elmegreen 1980) . See Section 3.3 for further discussion.
Orientation of the spiral arms
The three sources have relatively high inclinations and visibly flared CO emission, allowing the brighter front side of the disk (i.e., the CO emitting layer in front of the midplane as viewed by the observer) to be differentiated from the dimmer back side (i.e., the CO emitting layer behind the midplane as viewed by the observer) (e.g., Rosenfeld et al. 2013; Pinte et al. 2018 ). The terms "front side" and "back side" should not be confused with "near side" and "far side," which are usually used to describe the relative orientation of the disk halves defined by the major axis of the projected image. Thus, we can establish whether the spiral arms are trailing (the outer ends point opposite to the direction of disk rotation) or leading (the outer ends point in the direction of disk rotation).
Channel maps of 12 CO J = 2 − 1 are shown for each disk in Figure 2 . The emission geometry for Elias 27 indicates that the systemic velocity is ∼ 2 km s −1 , although this cannot be determined precisely because of the coarse velocity resolution and the severe foreground cloud absorption on the redshifted side. The extinction toward Elias 27 is high, with A V = 15 (Luhman & Rieke 1999; Andrews et al. 2009 ). The southwest side of the Elias 27 disk appears to be tilted toward the observer and the blueshifted emission originates northwest of the disk center, so the spiral arms must be trailing. The systemic velocity of IM Lup is ∼ 4.5 km s −1 and the southwest side of the disk is also tilted toward the observer. The blueshifted emission originates northwest of the disk center and redshifted emission originates from the southeast, so the spiral arms are also trailing in this disk. Finally, the systemic velocity of the WaOph 6 disk is ∼ 4.2 km s −1 , and foreground cloud absorption is evident on the blueshifted side. The east side of WaOph 6 is tilted toward the observer. The blueshifted emission originates north of the disk center and the redshifted emission from the south, so the spiral arms also trail for WaOph 6. A diagram showing the disk orientations and rotation directions is presented in Figure 3 . The orientations we find are consistent with that derived for Elias 27 from 12 CO emission in Pérez et al. (2016) and for IM Lup from 12 CO emission in Pinte et al. (2018) and scattered light in Avenhaus et al. (2018) .
For all three sources, the non-axisymmetric residual plots ( Figure 1b ) exhibit a slight emission excess in the inner disk on the far side because the continuum peak is slightly offset from the disk center measured from fitting the annular substructures with ellipses . These offsets are within the uncertainties established for the disk center positions (generally a few mas), but vertical structure may also contribute to the apparent brightness asymmetry.
No obvious spiral structures are visible in 12 CO emission for any of the three disks. However, the lines are optically thick and the angular resolution is about twice as coarse as that of the continuum images. Nevertheless, the line emission for IM Lup and Elias 27 have other possible features of interest. There are hints of ringlike substructures in IM Lup's 12 CO emission at a distance of ∼ 2. 5 (400 au) from the disk center, which is outside the millimeter continuum emission. Because the observational setup was optimized for more compact continuum emission, additional observations with better uv coverage should be obtained to confirm the molecular line substructures. Whereas IM Lup and WaOph 6 follow a Keplerian emission pattern, the emission in the Elias 27 disk shows evidence for non-Keplerian motion, particularly in the channel at 1.35 km s −1 . Optically thick line intensities typically peak toward the center of the disk due to higher temperatures, but the 12 CO emission in the Elias 27 disk is broad and very bright (brightness temperatures exceeding 40 K) at a distance of a few arcseconds (several hundred au) from the disk center. While severe cloud contamination creates some ambiguity in interpreting the line data, the relative youth of this system suggests the possibility that this broad and bright component may be tracing remnant envelope material.
Spiral arm pitch angles
To estimate the spiral arm pitch angles, we first measure the radial positions of the arms in each disk as a function of polar angle θ by deprojecting the nonaxisymmeric residual plots and searching for local maxima along rays of fixed θ. This is similar to the approach used in Pérez et al. (2016) . The uncertainties of the radial positions are assumed to be Gaussian and commensurate with the standard deviation of the beam. These uncertainties are scaled for deprojection, i.e., the uncertainties in R at values of θ that fall near the minor axis of the projected disk are larger than at values of θ that fall near the major axis.
Because of the wide range of radii spanned by the spiral arms in the Elias 27 disk and the faint, broad emission at large radii, two separate images are used to measure the spiral arm positions in the inner and outer disk. The spiral arm ending on the northwest side of the disk is labeled "S1" and the arm ending on the southeast side is labeled "S2." The arm positions are mea- Colored lines show logarithmic spirals derived from 100 random draws from the posterior for each arm. Gray boxes enclose points excluded from the fit. The y-axis is on a logscale and S2 is plotted using unwrapped polar angle values for all sources.
sured every 8
• from R = 50 − 110 in a nonaxisymmetric residual map made from the fiducial image. The polar angle spacings for this and subsequent measurements are chosen such that the measured points are separated by about one synthesized beam. From R = 110 − 230 au, the arm positions are measured every 6
• in the "midres" image, which was produced with a larger Gaussian taper in order to increase the SNR in the outer disk. The R = 110 au division is chosen based on where a slight radial depression appears in the nonaxisymmetric residuals in Figure 1b . To check for consistency, the positions identified in each image are compared to the emission morphology in the other image. We also reimaged the other two disks with a larger taper to check that use of a slightly larger taper does not bias the measured positions of their spiral arms.
For the IM Lup disk, the spiral arm ending on the northwest side is labeled "S1" and the arm ending on the southeast side is labeled "S2." The arm positions are measured every 15
• between R = 25−75 au and then every 6
• from R = 75 − 110 au, with the radial breakpoint corresponding to the discontinuity in the nonaxisymmetric residual plot. The portions of the arms interior and exterior to R = 75 au are labeled "a" and "b," respectively.
For the WaOph 6 disk, the spiral arm ending on the south side is labeled "S1" and the arm ending on the north side is labeled "S2." The arm positions are measured every 18
• between R = 25 − 50 au and then every 9
• from R = 50 − 80 au, again with the radial breakpoint corresponding to the discontinuity in the nonaxisymmetric residual plot.
The positions of the local maxima are plotted in Figure 4 . The plots show radius on a logarithmic scale versus polar angle on a linear scale because a spiral with constant pitch angle would appear as a straight line, and steeper slopes correspond to larger pitch angles. Some of these local maxima appear to trace constant or slowly varying radial positions near the radial depression at R ∼ 110 au from the Elias 27 nonaxisymmetric residuals and the discontinuity at R ∼ 70 from the IM Lup nonaxisymmetric residuals. If the intensity distribution at these radii is (nearly) axisymmetric (i.e., ringlike), then the local maxima positions from the residuals will be "flattened" against the ring because most of the emission at the ring itself will have been removed. These "flattened" regions are marked in Figure 4 and excluded from the spiral arm fits. Near the radial discontinuity identified in the WaOph 6 disk at ∼ 50 au, a few of the measured positions also appear to "flatten" with radius, although it is less clear for this disk because fewer points are involved.
We first measure the pitch angles under the simplest assumption that it is constant for a given arm. The positions (θ i , R i ) extracted for each arm are fit with a logarithmic spiral. The fitting procedure is described in Appendix A. The posterior medians and uncertain- For the Elias 27 disk, the points at R < 110 au are measured from the high-resolution image and the points outside are measured from the mid-resolution image. For both the "fiducial" and "mid-res" images, the small gray points mark the positions measured from the other image. Elias 27 S1 −131
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ties computed from the 16th and 84th percentiles for R 0 and b, as well as the derived pitch angle, are listed in Table 2 . The logarithmic spiral fits are plotted in polar coordinates in Figure 4 and over the nonaxisymmetric residual maps in Figure 5 . For all disks, the arms appear to be symmetric. The estimated pitch angles in the Elias 27 disk are about twice as large as the pitch angles derived from logarithmic spiral fits in Pérez et al. (2016) . The main source of this discrepancy is that Pérez et al. (2016) subtracted a smoothed background profile from the disk emission in order to validate the presence of the annular gap (D69) in the residuals. However, a consequence of this approach was that the local maxima measured in the residuals were shifted outward from the spiral emission due to the general rise in emission that defines the outer boundary of the disk gap. By subtracting the median radial intensity profile instead from the original Pérez et al. (2016) observations, we can recover pitch angles consistent with those measured from the new high resolution observations. Logarithmic spirals may also not fully capture the spiral geometry; Figure 4 shows hints of a slightly decreasing pitch angle outside R ∼ 150 au. One difficulty in assessing whether the pitch angle is truly decreasing is that the spiral arms outside this radius are broad. Thus, even though the logarithmic spiral fits are slightly offset from the maxima identified in Figure 5 , they still lie well within the spiral arm emission. Logarithmic spirals also describe the WaOph 6 pattern reasonably well. Meanwhile, IM Lup exhibits a clear decrease in pitch angle between the inner and outer disk. The measured pitch angles for S1a and S2a are twice as large as those of S1b and S2b.
The results of the logarithmic spiral fits motivate a comparison with a spiral arm parameterization in which pitch angle decreases with radius. To that end, we also fit the arm positions with Archimedean spirals, which take the form R m (θ) = a + cθ. Although more complex expressions have been developed for the shapes of spiral wakes induced by companions in protoplanetary disks (e.g., Rafikov 2002; Zhu et al. 2015) , we prefer the Best fit Archimedean spirals are plotted as blue and orange curves and radially constant structures at R ∼ 98 au are marked with white arcs to show the smooth connection to the spiral arms. Additional interarm structures are marked at R ∼ 48 and R ∼ 72 au. The color scale saturates at less than the peak intensity value to make fainter structures more visible Bottom: Continuum image of WaOph 6 with best fit logarithmic spirals plotted as blue and orange curves and interarm structures marked with white arcs at R ∼ 51 au.
simpler Archimedean parametrization because none of the spiral features are detected over more than a full winding, which would be key for discriminating more sensitively between different spiral forms. The fits are described in Appendix B.
In the Elias 27 disk, Archimedean spirals follow the shape of the arms in the outer disk better than the logarithmic spirals, but the pitch angles are too steep in the inner disk. Thus, while logarithmic and Archimedean spirals provide reasonable first-order approximations to the arm shapes in Elias 27, neither captures all of the structural nuances. The Archimedean spirals provide a simpler way to describe the pitch angle decrease in the IM Lup disk under the interpretation that the "a" and "b" components constitute a single pair of spiral arms. The spiral arms in WaOph 6 are also reasonably welldescribed by Archimedean spirals.
However, both IM Lup and WaOph 6 appear to exhibit additional complexity beyond the two main arms identified. As shown in Figure 6 , the structures traced by S1 and S2 in the IM Lup disk smoothly continue past the largest measured spiral positions. They are not noticeable in the nonaxisymmetric residual plot in Figure 1b because the structures become (nearly) radially constant, which suggests either that the pitch angles dramatically decrease past R ∼ 98 au or that the spiral arms merge with a ring structure. Additional interarm structures appear to branch off at R ∼ 48 and R ∼ 72 au. Because of the limited extent of the features, it is not clear whether these features belong to ring substructures intersecting the spiral structures or are additional spiral arms/branches. Like the IM Lup disk, the arms in WaOph 6 appear either to intersect with a ring structure or to have branches at R ∼ 51 au (see Figure 6 ). Better angular resolution will be needed to clarify the nature of these additional structures.
The finding that the spiral arms within each disk are symmetric is robust to the choice of spiral arm parametrization. Pitch angles are not well constrained in the inner 50 au of the disk unless the spiral arms are assumed to be logarithmic. Pitch angles derived from fitting logarithmic spirals are comparable to those derived in the outer disk (R > 50 au) from fitting Archimedean spirals. The presence of additional ring substructure or spiral arm branching introduces some ambiguity in the pitch angle measurements, since radial substructure can create the appearance of a flattening pitch angle (and vice versa).
Spiral arm contrasts
To measure the spiral arm intensity contrasts for each disk, we first deproject the disk and measure the peak intensities of the spiral arms in radial bins that are one au wide. The "background" intensity is estimated by taking the fifth percentile of the pixel intensity distribution in each bin. The fifth percentile is chosen rather than the minimum because the former is more robust against outliers. Choosing slightly different percentile values to estimate the background leads to comparable contrast results. The contrasts are then calculated by taking the ratio of the peak intensities to the "background," and the uncertainties of these ratios are calculated by assuming that both the maximum and background intensity uncertainties are defined by the image rms noise level and then propagating the error accordingly. For Elias 27 , the "mid-res" image (∼ 80 mas beam) is used to estimate contrasts in order to have a sufficient SNR in the outer disk. The spiral arm contrasts as a function of radius are plotted for each disk in Figure 7 . All three disks exhibit moderate contrasts, generally between 1.5 and 3. Low contrasts (i.e., close to 1) are observed at smaller radii, which may be a consequence of higher optical depths or genuinely lower surface density contrasts.
In each disk, the individual arms have similar contrasts to one another, but show variations with radius. As previously shown in Pérez et al. (2016) , the spiral arm contrast in the Elias 27 disk has a local maximum at R ∼ 123 au and a local minimum at R ∼ 147 au. (The radii stated in Pérez et al. (2016) are different because we use the new Gaia parallax). The IM Lup disk exhibits many contrast variations with radius, but these must be interpreted carefully. Local minima are visible in the contrast profile at radii of ∼ 48, 72, and 98 au, which correspond to the locations where either the spiral arms are significantly decreasing in pitch angle or where additional interarm features are visible (see Figure 6) . Similarly, the WaOph 6 contrast profile features a local minimum at R ∼ 51 au that also coincides with the presence of additional structure, as shown in Figure  6 . One interpretation is that contrast levels are lower when spiral arms intersect with ringed structures. Alternatively, if arms are tightly wrapped near a given radius or spur structures are present, contrasts would be underestimated because beam smearing of the additional structures would increase the apparent "background" emission level.
The possibility of spatial filtering should be considered when measuring contrasts. For all three disks, the emission scales measured by the shortest baselines exceed the disk continuum sizes (see Table 1 ). Using the more conservative definition of maximum recoverable scale based on the 5th percentile of baseline lengths, the maximum recoverable scale for Elias 27 is smaller than the disk. However, the continuum flux measurements of these three disks from Andrews et al. (2018) (Muto et al. 2012; Stolker et al. 2017) , and V1247 Ori (Ohta et al. 2016 ). Spiral arms have been tentatively identified for Oph IRS 48 (Follette et al. 2015) , RY Lup (Langlois et al. 2018) , and TW Hya (van Boekel et al. 2017) . Finally, while Avenhaus et al. (2018) classify the scattered light substructures in the IM Lup disk as concentric rings, they remark that some of those features may actually be tightly wound spirals. To our knowledge, scattered light images have not been published for either WaOph 6 or Elias 27. Spiral arms in scattered light sometimes have m = 2 symmetry similar to that seen in the DSHARP sources. However, so far there appears to be a morphological divide between the millimeter continuum of most disks known to have spiral arms in scattered light and the millimeter continuum morphologies of the three disks from this work. Most of the sources discussed in the previous paragraph have lopsided millimeter continuum morphologies and large emission cavities exceeding 20 au in radius (e.g., Isella et al. 2013; van der Marel et al. 2013; Ansdell et al. 2016; Tang et al. 2017; Kraus et al. 2017; Dong et al. 2018b; Ohashi et al. 2018; Cazzoletti et al. 2018; Pineda et al. 2018) . On the other hand, Elias 27, WaOph 6, and IM Lup have symmetric spiral patterns, and the DSHARP spatial resolution (∼ 6 − 7 au) is more than sufficient to rule out the presence of the cavities as large as those observed in the millimeter continuum of disks with scattered light spiral arms.
Because only a few of the disks known to have spiral arms in scattered light have been observed at millimeter wavelengths at an angular resolution comparable to that of DSHARP, it is not yet clear whether their highcontrast millimeter emission asymmetries are due to vortices, asymmetric spiral patterns, or some other origin. A high angular resolution millimeter continuum survey of the disks with spiral arms detected in scattered light would be useful for determining whether their morphologies still appear unified when resolved. If the asymmetries are unresolved spiral arms, the difference from the DSHARP disks may be a thermal effect, since spiral arm morphologies are strongly influenced by disk temperature (e.g., Bae & Zhu 2018a; Juhász & Rosotti 2018) . The aforementioned asymmetric disks have stellar hosts with spectral types ranging from G to A, whereas IM Lup, WaOph 6, and Elias 27 are K or M stars. An age effect may also be at play if spiral arm morphologies change significantly over time. The disks with spiral arms detected in scattered light are thought to be older than the Elias 27, IM Lup, and WaOph disks by a few Myr (e.g, Garufi et al. 2018 , and references therein), with the caveat that age estimates are highly uncertain.
An interesting possibility is that the apparent spiral dichotomy is a consequence of fundamentally different spiral arm formation mechanisms. Hydrodynamical simulations have shown that sharp radial surface density gradients, such as those found at the edges of transition disk cavities, create favorable conditions for the Rossby wave instability to prompt the formation of vortices and spiral density waves (e.g., Papaloizou & Pringle 1984; Lovelace et al. 1999; Li et al. 2001) . This phenomenon has previously been invoked to explain the appearance of the SAO 206462 disk (Bae et al. 2016; van der Marel et al. 2016) . Given the absence of high-contrast asymmetries or prominent emission cavities in the Elias 27, IM Lup, and WaOph 6 disks, there is no obvious indication that the Rossby wave instability is operating in these sources.
Spiral arms in millimeter continuum emission
Besides the three sources in this work, three other disks have been reported to have spiral features in millimeter continuum emission: MWC 758 (Boehler et al. 2018; Dong et al. 2018b) , AS 205 N, and HT Lup A (Kurtovic et al. 2018) . In contrast to disks with spiral arms observed in scattered light, disks with spiral arms observed at millimeter continuum wavelengths are predominantly hosted by K or M stars. This could be due to selection bias, since the majority of disks known to have millimeter continuum spiral arms were observed in DSHARP, which predominantly targeted K and M stars.
The five disks hosted by K and M stars (i.e., all except MWC 758) all have m = 2 patterns. The case of MWC 758 is complicated-at least one spiral arm is detected on the southeast side of the disk and there are hints of another arm on the northwest side, although ambiguity is introduced by the disk's azimuthal asymmetries (Boehler et al. 2018; Dong et al. 2018b) . Scattered light observations, though, reveal an m = 2 spiral pattern in the upper layers of the disk (Grady et al. 2013) .
The dominance of m = 2 spiral patterns so far could be due in part to the ambiguities involved in identifying single arm systems. For example, in millimeter continuum observations of V1247 Ori, Kraus et al. (2017) identify a "bridge" structure connecting an inner ring and outer crescent that appears to coincide with a spiral arm identified in scattered light, but stop short of classifying the structure itself as a spiral arm.
One apparent difference between the spiral arms detected so far in multiple disk systems (AS 205 and HT Lup) and arms detected in systems without known companions (MWC 758, WaOph 6, IM Lup, and Elias 27) is that only the latter have annular substructures detected in conjunction with spiral arms. No obvious pattern emerges for the relative locations of the spiral and annular substructures, except that they occur in close proximity to one another.
Possible origins of spiral structure

Spiral arms induced by a perturber
Stellar and planetary companions are expected to trigger spiral density waves in protoplanetary disks (e.g., Goldreich & Tremaine 1979; Lin & Papaloizou 1986; Tanaka et al. 2002) . A single companion can drive one or multiple arms (e.g., Ogilvie & Lubow 2002; Bae & Zhu 2018a) . Given the observed symmetry of the disks, though, it is unlikely that each arm is associated with a different companion.
The spiral arm intensity contrasts measured for the disks in this work can be taken as an approximation of the surface density contrast if the azimuthal variations in temperature and dust opacity are small and the millimeter continuum emission is optically thin in the vicinity of the spirals. The assumption of azimuthally constant dust opacities is reasonable in the context of planet-disk interactions because the resulting spiral arms are not expected to trap dust particles (e.g., Juhász et al. 2015) . The optical depths outside R > 50 au in the three disks also appear to be modest based on the analysis in Huang et al. (2018) . Recent simulations have indicated that if a perturber were responsible for m = 2 spiral patterns at the contrast levels measured in this work, it would have to orbit outside the arms and exceed several Jupiter masses (e.g., Dong et al. 2015b; Zhu et al. 2015; Dong et al. 2016; Meru et al. 2017; Bae & Zhu 2018b) . If the spiral arms of the Elias 27, IM Lup, and WaOph 6 disks are indeed caused by stellar or planetary companions, then these massive objects in principle could be directly imaged in the near-infrared.
To our knowledge, no stellar or planetary companions have been identified for Elias 27, IM Lup, or WaOph 6. Based on K-band contrasts from Ratzka et al. (2005) Massive planets are also expected to create annular substructures in protoplanetary disks (e.g., Papaloizou & Lin 1984; Paardekooper & Mellema 2004; Crida et al. 2006; Fouchet et al. 2010; Dong et al. 2015c) , and indeed, such structures are observed in all three disks. Based on their proximity, a relationship between the spiral arms and the annular structures in each disk might seem plausible. However, simulations of planet-disk interactions find that the spiral arm pitch angle increases toward the location of a planet (e.g. Bae & Zhu 2018b ), but pitch angles are not observed to increase toward gaps in the DSHARP disks. Moreover, Zhang et al. (2018) point out that the high planet masses required to create largescale symmetric spirals should also create much deeper gaps than what are actually observed. This might imply instead that any perturber inducing the spiral arms must be orbiting outside the detected extent of the millimeter continuum. Again, though, the pitch angles do not appear to be increasing with radius, which would be expected if the spirals were induced by wide-orbit objects.
An important caveat is that the observed millimeter continuum morphologies are being compared primarily to predictions for gas morphologies. Most simulations of spiral arms in disks have focused on predicting morphologies in scattered light, which traces small grains that are well-coupled to the gas. The larger grains traced by millimeter continuum emission are not expected to be well-coupled to the gas, and thus millimeter continuum spirals may not have the same contrasts and geometries as gas spirals. Isella & Turner (2018) argue that because of this decoupling, planetary companions should not induce large-scale spiral arms at all in millimeter continuum emission.
Gravitational instability
Gravitational instability (GI) is another oft-explored mechanism for forming spiral arms in circumstellar disks (e.g., Boss 1998; Lodato & Rice 2004; Kratter et al. 2008; Zhu et al. 2012) . Typically, Class II disks such as the DSHARP sources are thought to be too low-mass to drive global GI (e.g., Kratter & Lodato 2016) . In particular, previous estimates of the Toomre Q parameter for the IM Lup and Elias 27 disks have indicated that they should be gravitationally stable (Pérez et al. 2016; Cleeves et al. 2016 ). However, disk masses and temperatures are notoriously challenging to constrain for a number of reasons, including uncertainties related to dust opacity values, the dust size distribution, CO-to-H 2 conversation factors, dust-to-gas ratios, and high optical depths for continuum and line emission (e.g., Ansdell et al. 2016; Miotello et al. 2017; Long et al. 2017; Yu et al. 2017; Evans et al. 2017) .
In theory, spiral pitch angles can be used to distinguish structures formed by companions from those formed via GI without needing to constrain the disk surface density and temperature profiles. GI can create a pair of symmetric, logarithmic spiral arms, while companions are expected to induce spiral arms with variable pitch angles (e.g., Rafikov 2002; Zhu et al. 2015; Dong et al. 2015a; Forgan et al. 2018) . Several recent simulations of gravitationally unstable disks have reproduced the general morphology of the spiral arms in the Elias 27 disk (Meru et al. 2017; Tomida et al. 2017; Hall et al. 2018) . Excluding the discontinuity at R ∼ 50 au, the WaOph 6 spiral pattern can be approximated as a pair of logarithmic spirals. The IM Lup spirals appear symmetric but do not have constant pitch angles. On the other hand, the potentially branched structure of the IM Lup spirals is also seen in some simulations of gravitationally unstable disks (e.g., Mayer et al. 2004; Dipierro et al. 2014) .
In practice, synthesized observations of spiral arms formed through the two mechanisms can appear similar (e.g., Dong et al. 2015a,b; Meru et al. 2017 ). In addition, as shown in this work, the presence of ringlike substructures or spur features significantly complicates analysis of pitch angles, and it can also be challenging to determine whether the pitch angle is increasing in the inner disk due to the angular resolution. The pitch angles derived in this work need to be treated with caution-any efforts to compare pitch angles derived from simulations to the observed pitch angles will need to account for the additional substructures.
Another proposed way to distinguish between spiral arms induced by perturbers and those induced by GI is to search for evidence of particle trapping, since the former mechanism is not thought to lead to trapping (Dipierro et al. 2015) . This can be accomplished by observing the disks at multiple wavelengths and measuring the spectral index to determine whether there are spatial variations in the grain size distribution inside and outside the spiral arms.
Aside from the spiral arms, several characteristics suggest that the disks in this work are among the Class II disks most likely to be gravitationally unstable. The Elias 27 and IM Lup disks are unusually large, with millimeter continuum emission stretching out to hundreds of au while most other disks have radial extents smaller than a few tens of au (e.g., Tripathi et al. 2017; Tazzari et al. 2017; Cieza et al. 2019) . This indicates that these two disks have unusually large surface densities in very cold regions, providing conditions hospitable for triggering GI. The WaOph 6 disk is much smaller than that of either Elias 27 or IM Lup, but it is still larger than the typical disk and has an SED that suggests it is particularly cold (Andrews et al. 2009 ). GI is also thought to be more likely to occur in younger sources (e.g., Kratter & Lodato 2016) . Elias 27, IM Lup, and WaOph 6 are all estimated to be under 1 Myr old, placing them among the youngest sources in the DSHARP sample (again with the caveat that age estimates of premain sequence stars are highly uncertain). Finally, hydrodynamical simulations indicate that gravitationally unstable disks are likely to have high stellar accretion rates, on the order ofṀ ∼ 10 −6 M yr −1 (e.g., Dong et al. 2015a; Vorobyov & Basu 2015) . The accretion rate of WaOph 6, atṀ = 10 −6.6±0.5 M yr −1 (Eisner et al. 2005) , is close to this value.
Other hypotheses
Shadowing from a misaligned inner disk has been proposed to trigger spiral arms observed in scattered light (Montesinos et al. 2016; Montesinos & Cuello 2018) , but the millimeter continuum observations of the disks in this work do not show evidence of misaligned inner disks. Furthermore, IM Lup has been observed in scattered light and does not exhibit signatures of shadowing (Avenhaus et al. 2018) .
Stellar encounters may also create spiral arm structures in protoplanetary disks (e.g., Pfalzner 2003; Quillen et al. 2005) . However, they are also expected to lead to substantial non-Keplerian motions in the disk, while the 12 CO emission in the IM Lup and WaOph 6 disks appear to be largely Keplerian. The 12 CO kinematics in the Elias 27 disk are suggestive of nonKeplerian motion, but do not exhibit any obvious tidal tails like those predicted by flyby simulations (e.g., Dai et al. 2015) .
How common are spiral arms?
So far, it appears that only a minority of disks have millimeter continuum spiral arms. Whereas only six to date have confirmed millimeter continuum spiral structures, dozens of disks observed at moderate to high angular resolution are now known to have annular substructures (e.g., ALMA Partnership et al. 2015; Andrews et al. 2018; Huang et al. 2018; Long et al. 2018 , and references therein). Since most spiral-armed disks also have annular substructures, it is likely that the discrepancy between the occurrence rate of annular substructures and spiral arms will continue to hold as more disks are observed.
The sources targeted for high angular resolution ALMA imaging have tended to be large and bright, and therefore probably have higher surface densities in cold outer disk regions compared to typical sources. If GI is the dominant mechanism for triggering spiral formation in disks around single stars, then the occurrence rate of spiral arms should decrease as fainter and smaller disks are observed. On the other hand, few large-cavity transition disks have been imaged at high angular resolution, even though they constitute 10 to 20% of all protoplanetary disks (e.g., Andrews et al. 2011; Ansdell et al. 2016) . Since many of the scattered light detections of spirals originate around transition disks (see the discussion in Section 4.1.1 and references therein), spiral structures might instead be underrepresented in existing observations.
It is not clear whether spiral structures are less common than ringed structures because the spiral structures are shorter-lived, or because the conditions necessary to create observable spirals are intrinsically rarer. Reliably detecting spiral structures will require both high angular resolution and sensitivity, since the contrasts of spiral arms observed so far have been moderate, and insufficient resolution could easily lead to confusion between ringed/arclike structures and spiral arms with small pitch angles. Additional disk surveys that explore parts of parameter space different from DSHARP will clarify the circumstances under which spiral structures are likely to occur, which in turn will provide further insight into their origins.
SUMMARY
The Disk Substructures at High Resolution Project has expanded the pool of disks with known spiral substructures in millimeter continuum emission from two to six. In this work, we analyze spiral structures in the Elias 27, IM Lup, and WaOph 6 disks. Our findings are as follows:
1. The three disks all feature spiral patterns with m = 2 symmetry. Determination of the absolute geometry of the disks from 12 CO J = 2−1 observations indicates that the spiral arms trail in all three disks. The spiral patterns are present throughout much of each disk and have azimuthal extents exceeding 200
• in all cases. Spiral intensity contrasts are modest throughout, typically between 1.5 and 3.
2. The structures of all three disks are remarkably complex. In all cases, annular substructures are present in addition to spiral structures. Most strikingly, the spiral arms in the Elias 27 disk intersect a gap at R ∼ 69 au. Furthermore, while two main spiral arms are identified in all three disks, they have additional interarm structures that may be part of rings, branches from the main arms, or tightly wrapped continuations of the spiral arms.
4. The pitch angles of the IM Lup spirals decrease with radius. The spiral arms of the Elias 27 and WaOph 6 disks can be approximated as logarithmic spirals (with constant pitch angle), although the measurement of pitch angle is complicated by additional substructures in the outer disk as well as large relative uncertainties in the spiral radial position in the inner disk.
5. Previous numerical simulations indicate that large-scale symmetric spiral arms might be produced by stars or massive planets orbiting outside, but the observed spiral arms do not exhibit the predicted increase of pitch angle with radius. However, one limitation in comparing the observations to predicted spiral morphologies is that the latter primarily come from simulations of the gas distribution, which could be quite different from the large grain distribution traced by millimeter continuum emission.
6. The observed spiral morphologies are reminiscent of numerical simulations of gravitationally unstable disks. The unusually large radial extents and relative youth of the disks studied in this work suggest that conditions may be favorable to GI. GI operating in these sources would imply that past analyses have either underestimated the disk surface densities or overestimated their temperatures. LOGARITHMIC SPIRAL FITS A logarithmic spiral takes the form R(θ) = R 0 e bθ , where θ is the polar angle in radians. The free parameters are R 0 and b. The pitch angle of a spiral is µ = arctan 1 r dr dθ , so the pitch angle of a logarithmic spiral is µ = arctan |b|. Each arm is fit separately in order to assess whether the pitch angles vary between arms in the same disk. For the IM Lup disk, S1a, S2a, S1b, and S2b are fit independently because the S1b and S2b positions have visibly shallower slopes on the radius-polar angle plot compared to S1a and S2a. For spiral arms that cross the 180
• / − 180 • boundary, the polar angles are phase-unwrapped before fitting to eliminate the 360
• jump. The log-likelihood takes the following form:
where θ i is the polar angle, R d (θ i ) is the radial position of the spiral arm measured at θ i , R m (θ i ) is the model spiral arm radial position, and σ i is the uncertainty in the radial position. Flat priors are adopted for R 0 and b. The prior for R 0 is bounded by 0 and the disk dust radius R dust measured in Huang et al. (2018) . The prior for b is bounded by −1 and 0 for Elias 27 and IM Lup and 0 and 1 for WaOph 6; the sign difference results from the different orientations of the spiral arms. The posterior probabilities are explored via the affine invariant MCMC sampler implemented in emcee (Goodman & Weare 2010; Foreman-Mackey et al. 2013) . The ensemble of 40 walkers is evolved for 15,000 steps. The first 500 steps are discarded as burn-in. Convergence of the MCMC chains is evaluated by measuring the autocorrelation time (generally less than 50 steps) and verifying that it is much smaller than the length of the chains.
B. ARCHIMEDEAN SPIRAL FITS The modeling is performed in a manner analogous to that of the logarithmic spiral fitting. The free parameters are a and c. A flat prior is specified for a over the range (0, R dust ). Likewise, a flat prior is specified for c over the range (0, R dust ) for WaOph 6 and (−R dust , 0) for the other two disks. The pitch angle is then calculated using the expression µ = arctan c R . For the IM Lup disk, S1a and S1b are fit together as a single arm, as are S2a and S2b. The posterior medians and uncertainties computed from the 16th and 84th percentiles for a and c are listed in Table 270 Colored curves correspond to Archimedean spirals derived from 100 random draws from the posterior for each arm. Gray boxes enclose points excluded from the fit. The y-axis is on a log-scale and S2 is plotted using the unwrapped polar angle values for all sources. Right: Pitch angles derived from 100 random draws from the posteriors, plotted as a function of polar angle. 
